other. These diverse mycobacteriophages can be grouped into clusters and then further into subclusters depending on different degrees of nucleotide similarity. [4] In terms of function, only a few of the many reported phages across the cluster families can form plaques on M. tuberculosis with a high efficiency of plating. The infectivity across the clusters of phages is restricted primarily to phages in cluster K, and two subclusters (A2 and A3) of cluster A. For instance, the aforementioned D29 mycobacteriophage to date possesses the strongest ability to infect and lyse M. tuberculosis. [5] The study by Fullner and Hatfull found that there are a multitude of mechanisms that can determine host range, including receptor availability, restriction/modification, CRISPRs, toxin-antitoxin systems and immunity; infection is also influenced by conditions such as the growth state of the cells and metal ion availability. There is a strong correlation between cluster or subcluster designation and the ability to efficiently infect M. tuberculosis. [5, 6] In general, when phage infect the same host bacteria, the shorter latent period is, the shorter lysis period is, therefore it is generally accepted that phage with shorter latent period has better application prospects. In general, a typical lysis cassette of phage possesses lytic enzymes and holin protein.
Lytic enzymes without secretion signal peptide only can get to peptidoglycan parts in cell wall through the hole punched by holin and then play a role in destroying host bacterium. Like D29, the growth of phage is controlled by corresponding holing protein. [7, 8] 
Materials and Methods

Bacteria and specimens
Mycobacterium smegmatis (CMCC93202) was obtained from the National Institutes for Food and Drug Control (Beijing, China). It was first inoculated on a 7H10 agar plate (BD Biosciences, San Jose, CA, USA) for 3-4 days and then transferred into 7H9 broth (BD Biosciences) for 24 h. M. tuberculosis H37Rv (H37Rv, CMCC93004) was donated from Chongqing Pulmonary Hospital (Chongqing, China) and inoculated on Lowenstein-Jensen culture medium (Baso, China) for 4-6 weeks. Mycobacteriophage D29 was obtained from National Institutes for Food Drug Control and was cultured using M. smegmatis as a host. Sputum samples were collected from TB patients at The First Affiliated Hospital of Chongqing Medical University (Chongqing, China). After homogenisation, samples were inoculated on Lowenstein-Jensen culture medium for strain identification and sensitivity testing. Moist soil samples were collected from flowerpot, in the TB Ward of The First Affiliated Hospital of Chongqing Medical University, Chongqing, China.
Isolation and purification of phage
According to the methods of Hatfull with minor modifications, [9] phage was isolated from enriched soil sample. First, about 5 g soil sample was mixed with 10 ml phage buffer (1.211 g Tris-base, 1.204 g MgSO 4 , 4 g NaCl, 1 mmol/l Ca 2+ , 1000 ml ddH 2 O, pH 7.4) incubated for 30 min at room temperature and subjected to by a low-speed centrifugation (4°C, 4500 g, 10 min). The extract was filtered through 0.22 um filter. One millilitre of the filtrate was mixed with 1.5 × 10 7 colony-forming unit (CFU) M. smegmatis and allowed to stand for 15 min in order that M. smegmatis got absorbed fully. Second, the mixture and 9 ml 7H9 broth (0.47 g middle brook's 7H9 broth, 0.1 ml glycerol, 90 ml ddH 2 O, 10 ml ADC, 1 mmol/l Ca 2+ , 50 μg/ml CB, 10 μg/ml CHX) were mixed before incubating at 37°C, and 160 rpm/min overnight. Third, after a second centrifugation (4°C, 4500 g, 10 min) and filtering, the filtrate was diluted serially using phage buffer from 10 −1 to 10 −4 . Ten microlitres of each dilution were mixed with 1.5 × 10 7 CFU M. smegmatis and incubated at 37°C for 15 min and then was plated with 3 ml 7H9 agar (0.47 g middle brook's 7H9 broth, 0.35 g agar, 0.1 ml glycerol, 90 ml ddH 2 O, 10 ml ADC, 1 mmol/l Ca 2+ , 50 μg/ml CB, 10 μg/ml CHX) to get plaques. After all plates were incubated at 37°C for 1 day, a single plaque was picked with a sterile pipette tip, resuspended the plaque in 100 μl phage buffer, titering, and plating by the double-agar layer method (the bottom agar layers were prepared with 3 ml 7H10 [1.9 g 7H10 agar, 0.5 ml glycerol, 90 ml ddH 2 O, 10 ml ADC, 1 mmol/l Ca 2+ , 50 μg/ml CB, 10 μg/ml CHX], while the top layer consists of 3 ml 7H9 agar and 1.5 × 10 7 CFU M. smegmatis). Following several rounds of plaque purification, high-titres stocks were stored at 4°C.
Investigation of host range
The host range of phage was investigated by the spot lysis assay described by Rybniker et al. with some modifications. [10, 11] Bottom agar layers were prepared with 7 ml 7H10. While the top agar was made up of 1.5 × 10 8 CFU log phage mycobacterium and 7 ml 7H9 agar. Spot assays were performed using 5 μl of the purified phage (3.2 × 10 9 plaque-forming unit [PFU]/ml). Meanwhile, M. tuberculosis H37Rv and M. smegmatis were set as positive controls. Plates containing M. smegmatis were incubated at 37°C for 1-2 days, while the other plates were incubated at 37°C for 4-6 weeks. Clear zones were recorded as a positive test. Ethics is not required for this use because it is routine that sputum samples are collected from patients suspected to suffer from TB or confirmed TB for identification of bacterium and drug sensitive test.
Determination of phage growth curve M. smegmatis was inoculated into 10 ml 7H9 broth and incubated with shaking at 37°C and 160 rpm/min overnight. About 1 ml phage at an approximate multiplicity of infection of 0.1 was added to this culture before incubating at 37°C for 15 min. To inactivate exogenous phage, 100 μl 4% ferrous ammonium sulfate (Sigma) (m/v) was added to the mixture, followed by centrifugation (4°C, 13,000 g, 1 min). The precipitate was washed using 7H9 broth and diluted (about 10 4 times) prior to incubation at 37°C 160 rpm/min. At the same time, the precipitation was plated with M. smegmatis. After incubating 37°C overnight, the number of the plaque was considered to be equal to the initial count of phage. At 15 min intervals, 50 ul mixture was centrifuged (4°C, 13,000 g, 1 min) and the supernatant was titrated as described above. Therefore, the results are reported as the mean of three observations ± standard deviation (SD).
Investigation of phage antimicrobial activity against Mycobacterium smegmatis
The antibacterial activity of phage was evaluated by testing bacterial colonies of M. smegmatis and the phage-mixture at different incubation time. First, 1.0 × 10 9 PFU phage and 4.5 × 10 7 CFU M. smegmatis were mixed with 10 ml 7H9 broth and then incubated at 37°C 160 rpm/min in octuplicate. Second, at 24 h time intervals and after vortexing, 100 μl of the mixture was siphoned and serially diluted by 7H9 broth. Bacterial colonies were counted by inoculating 100 μl of each dilution on Lowenstein-Jensen culture medium and incubating for 7 days. Therefore, the results are reported as the mean of eight observations ± SD.
Genome sequencing and analysis
Further purification of phage was prepared by treating phage crude lysate with DNase I (40 μg/ml) and RNase A (10 μg/ml) for 30 min at 37°C before mixing with 58.5 g/l NaCl and placing into an ice-box for 1 h. After a centrifugation (4°C, 10,000 g, 10 min), the supernatant was mixed with 10% polyethylene glycol 8000 at −20°C for 1 h and intact particles were then precipitated by centrifugation (4°C, 11,000 g, 10 min). The DNA of phage was isolated from purified phage particles by the extraction kit of Phage λ DNA (ABigen Corporation, Beijing, China) according to the manufacturer's instructions. Purified DNA was used to determine susceptibility to DNase, RNase, and restriction enzymes and was then sent to Beijing Genomics Institute (China) for commercial sequencing. The whole genome was sequenced by a shotgun approach using forward and reverse sequencing primers on an ABI3730 automated sequencer. Putative open reading frames (ORFs) were identified with Glimmer 3.0. [12] Homology assignments between genes from other phages and predicted ORFs of Chy1 were based on amino acid sequence alignment searches with Basic Local Alignment Search Tool (BLASTP) searches. All genes were comparatively analysed with blast m8 (e value ≤ 1e − 5) and the best hit was used to produce synteny diagram by Perl language.
Results
The plaque morphology of mycobacterophage Chy1 and D29 were alike A mycobacteriophage was isolated and then was named Chy1 according to isolation location and serial number (CHY is the abbreviation of Chongqing Medical University in Chinese, 1 is the first phage isolated). This phage formed the clear and round plaques of approximately 5 mm in diameter on lawn of M. smegmatis [ Figure 1 ], like the plaque of D29 reported by Hatfull. Given this, both mycobacteriophages possibly belong to the same cluster. M. smegmatis was thus used to amplify, purify, and characterise the phage.
Chy1 can infect a narrower range of host-mycobacterial strains than that of D29
It is well that the mycobacteriophage D29 has been successfully applied to diagnosing and treating TB. Moreover, Chy1 and D29 formed similar plaque and likely belong to the same cluster. To further investigate host range of both mycobacteriophages, we isolated 36 clinical mycobacterial strains. D29 exhibited a surprising ability to produce plaques on the lawn of all of these tested clinical mycobacterial strains. This included several M. tuberculosis strains and other strains that are resistant to one or more of the first-line anti-TB drugs. Chy1 also can produce plaques on 32 of the tested clinical mycobacterial strains. These results indicate that both phages can infect a wide host range, which includes multiple mycobacterial species, such as Mycobacterium bovis, M. non-tuberculosis, and M. tuberculosis, under the conditions tested [ Table 1 ]. Compared to Chy1, D29 has a stronger ability to infect and lyse M. tuberculosis. To further compare the growth characteristics of both phages -shown above to likely belong to the same cluster, we generated a growth curve in M. smegmatis. But when plating with the M. smegmatis-Chy1 mixture after incubating for 420 min, there was still no plaque on indicating plates. Accordingly, the growth curve of Chy1 failed to obtain. The growth curve for D29 showed that it had a latent period (defined as the time interval between the adsorption and the beginning of the first burst) of approximately 50 min. The average burst size was determined to be ~10 PFU/cell, which was calculated as a ratio of the final count of liberated phage particles to the initial count of infected bacterial cells during the latent period [ Figure 2 ].
Chy1 has a weaker ability to lyse Mycobacterium smegmatis compared to D29
To determine whether these both phages have the similar ability to effectively stop the growth of M. smegmatis, we infected the M. smegmatis with Chy1 and D29, respectively, and evaluated their ability to kill M. smegmatis over time in vitro by comparing the CFUs between these groups. We observed a significant difference between the Chy1-infected and D29-infected control bacteria at several different time points [ Table 2 ]. The ability of D29 to lyse M. smegmatis was stronger than that of Chy1 (P < 0.05). When incubating 48 h, the Chy1 failed to effectively stop the growth of M. smegmatis, but the number of M. smegmatis in Chy1 group almost remained invariable from 48 h to 96 h, which was statistically significant compared to the control. Whereas most of M. smegmatis in D29 group were lysed within 24 h.
Chy1 was a double-stranded DNA phage belonging to the cluster A2 family of mycobacteriophages
Given these findings above, we wanted to further characterise Chy1 and determine whether it belonged to the A2 cluster. We first determined the molecular basis of the genome by subjecting the nucleic acid to enzymatic digestion by RNAses or DNAses. As the Chy1 phage genome was susceptible only to DNase digestion, its nucleic acid was determined to be DNA. Chy1 DNA was sequenced using an ABI3730XL DNA sequencer and deposited in GBI (GenBank accession number: KC787102). Using the new information available regarding mycobacteriophages and the widely accepted phage-family categories developed by the Hatfull group. [4, 5] To address this, we subjected the Chy1 genome to bioinformatic analysis and found that it consisted of 47,198 bp with a G + C content of 63.68% also close to the mycobacteriophage average. Comparison of the Chy1 genome with examples of other mycobacteriophage clusters shows high DNA sequence similarity to D29 [ Figure 3 ], although the Chy1 genome was slightly shorter than D29's (447,198 bp vs. 49,136 bp), the genomes were generally colinear (97.4%) [ Figure 4 ], and Chy1 had therefore been designated a member of Cluster A within the A2 subcluster. Analysis of the Chy1 genome identified 77 Figure 5 ]. The ORF density was relatively high (92%), and there were only three non-coding intergenic gaps larger than 300 bp. The ORFs (gene 1-30) on the left arm were expressed from the top strand, conversely, the ORFs (except gene 32) on the right arm were transcribed leftwards [ Figure 5 ].
Chy1 contains structural and assembly genes consistent with D29 and was also most closely related to the D29
To further evaluate the potential functions of these 77 Chy1 genes, we translated each of the 77 predicted protein-coding regions of the Chy1 genome into its respective amino acid sequence. We then searched each sequence for known proteins against protein databases using BLASTP. Consistent with our findings above for the Chy1 genome, 75 of the searched proteins exhibited similarity to D29 sequences already in the database. The virion structure and assembly genes likely span genes 1-30, and the putative Chy1 lysis genes lie to the right of gene 5 and lies within this region, in agreement with the other phage genomes in the cluster A [ Figures 4 and 5 ]. Chy1 shows strong similarity to D29 compared with all other mycobacteriophages. The 75 ORFs show homology to D29 and 32 proteins are annotated functions [ Figure 6 ]. The right arms is shorter than D29's (11,696 bp vs. 12,707 bp), but also, they are almost consistent with the exception of the gene 43 and gene 45, and Chy1 appears to have lost at least a segment at the right end (about 1938 bp). Thus, regions of high similarity are punctuated by segments of unrelated DNA in the right arm. The lysis cassette of Chy1 is coded near the left of the genome and includes lysin A (gp6), the holin protein (gp7), and lysin B (gp8). The lysin A is identical to D29 gp10, and the others are also strong similar to D29 gp11 and D29 gp12, respectively. [13] The Chy1 gp31 is a putative integrase because gene 31 is identical (100% identity) to D29 gene 33 encoding integrase. Meanwhile, the Chy1 gene 70 encoding repressor is also homologous (100% identity) to D29 gene 72, as we know, which lost N-terminal and lacked helix-turn-helix during evolution compared to mycobacteriophage L5, therefore it cannot combine to the DNA of host bacterium and also cannot steadily form lysogen. [14] As to Chy1, although there is a gene (gene 31) encoding integrase, the repressor is inactive, so Chy1 is a lytic phage. In order to determine how Chy1 is phylogenetically related to other mycobacteriophages, we constructed a phylogenetic tree for Chy1. Phylogenetic analysis showed that Chy1 was actually most closely related to D29 [ Figure 6 ]. This data indicate that Chy1 and D29 may share a common ancestor.
Discussion
In this study, a novel lytic mycobacteriophage Chy1 was isolated and has the usual biological characteristics of multiple of reported mycobacteriophages. To our [16] However, Chy1 gene 07 is identical (100% identity) to D29 gene 11 (encoding holin) by BLASTn. Surprisingly, the growth curves of both phages are significantly different. Therefore, we hold that the theory that holin is a clock of phage is not suitable for all phages or protein modifications vary in translating level, although the corresponding coding genes are identical (100% identity) at the nucleotide level. These conjectures remain to be solved. The syntenic relationship of the virion structure and assembly genes is conserved in phage, though there is no nucleotide sequence similarity. [17] The genome architecture of Chy1 is in accord with the typical genome structure of phages. In other words, structural and assembly genes are conserved and located in the left arm while right arm comprises non-structural genes, which is always vulnerable to mutation, and the lysis cassette is in the middle. The synteny of Chy1 and D29 is very clear [ Figure 6 ]. Chy1 appears to have lost at least a segment at the right end (about 1938 bp).
Regrettably, the complete sequence of Chy1 could not be obtained. The sequence is missing from coordinate 1066 to 1165, which might have had a significant finding. Figure 5 : Annotated genome map of Chy1. The 47,198 bp genome of Chy1 had 77 genes and their virion structural and assembly genes were the left of the genome, similar to D29, the integration cassette were located in the middle and most of the right genes encode unknown proteins (in order to clearly show the function of gene 60-69 above the corresponding gene, which were showed 2 times on the genome of Chy1 above) 
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